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Abstract This study deals with the development of a two-dimensional model to
simulate the deformations in wood samples during the wood drying process for the
evaluation of the drying quality. The samples cut from sapwood of beech were used
to analyse the moisture content distribution of the samples at two different drying
conditions. A new concept based on a linear difference method was developed to
use the moisture content distribution of the samples for the simulation process to
predict deformation due to casehardening. The real deformations of the prongs were
compared with the simulated ones for further improvements. The results show that
the model can be used to simulate the deformations independently from different
drying times and drying conditions. A good comparison between real and simulated
changes in deformation was found for the drying process at constant climate con-
ditions. The results provide a useful basis for further investigations on the modelling
and simulation of the deformation of the samples due to different drying processes.
Introduction
Moisture loss of wood during the drying process comprises among other things
changes in dimension. Associated with this deformation certain strain formations in
the wood occur. One of the challenges during the wood drying process is to
minimise the arising gradient of drying stresses. Further, the prediction of the
deformations and strains is possible. In this study, a novel approach for modelling
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and simulating the changes in wood dimension during the wood drying process is
examined.
It is a fact that below fibre saturation point (FSP) wood will shrink or swell in
relation to its change in moisture content. This change in dimension of a wood
sample is anisotropic and results on the one hand from the formation of wood
material (e.g. difference in density, anatomical structure or wood chemistry) itself
(Almeida and Herna´ndez 2006; Bosshard 1956; Hinterstoisser et al. 1992; Pang and
Herritsch 2005; Perre´ 1997; Ugolev 1976, 2014; Vintila 1939). On the other hand,
the process of water absorption or desorption can produce a gradient of moisture
content in the wood because the changes in moisture content on the surface are
faster than the changes in the wood material (Siau 1984; Skaar 1988). A major
change in humidity or moisture content leads to significant internal stresses
(Svensson and Toratti 2002). This behaviour is one limiting point in wood drying.
The higher the differences between the average moisture content in the wood and
the equilibrium moisture content in the drying chamber the higher is the gradient of
moisture content over the cross section, and this behaviour may lead to
casehardening of the wood material, which is a result of plastic deformation (e.g.
creeping) of the wood (Perre´ and Passard 2007). Many studies deal with the
determination or estimation of stress development during the wood drying process
(Allegretti and Ferrari 2008; Honfi et al. 2014; Lazarescu and Avramidis 2008;
Perre´ and Passard 1995; Ranta-Maunus et al. 2001; Tarvainen et al. 2006; Ugolev
and Skuratov 1992; Vanek 1986, 1991; Welling 1988; Welling and Fortuin 1989),
whereas only limited information on deformation caused by shrinkage was found in
literature (Dahlblom et al. 1996; Perre´ 2011). Dahlblom et al. (1996) mentioned the
possibility of finite element methods to simulate the deformation process during the
wood drying process. The real deformation of small lamella of the wood surface and
the simulated distortion showed good conformity. The concept of multiscale
modelling extends the requirements of computational resources and applied
mathematics and can indicate different fields of observations (Perre´ 2011; Perre´
et al. 2012). For the modelling and simulation process, the anisotropic shrinkage of
wood can be analysed on four different levels, molecular, ultrastructural,
microstructural and macrostructural (Pang 2002). On the other hand, the quality
of kiln dried wood can be assessed by using the slicing tests methods (prong or cup
test) according to the EDG—recommendations of the European Drying Group
(www.timberdry.net) or ONR CEN/TS 14464 (2010) standard for industrial appli-
cations. However, this method is wood material and time-consuming. In order to
minimise the sample preparation work and to avoid that parts of the drying batch are
destroyed by cutting samples for slicing tests, suitable simulation tools of shrinkage
deformations concerning casehardening based on residual stress, stretched surface
and dry shell in the wood (Ranta-Maunus et al. 2001) could be useful for practical
applications.
Based on these considerations, the following two hypotheses were formulated in
this study:




The shrinkage in one anatomical direction (e.g. tangential) of wood can be
expected as linear in subareas (Pang and Herritsch 2005; Almeida et al. 2008).
Therefore, a concept of linear difference method can be used to predict the
deformation of wood during the drying process. Perre´ and Passard (2007) divided
the existing strains due to the wood drying into three parts, the elastic, viscoelastic
and mechanosorptive deformations. The elastic part is not determinable using the
slicing test. On the other hand, the viscoelastic and mechanosorptive deformations
of the wood samples are detectable. In this case, deformations are retained and the
‘‘frozen’’ strains cannot balance in the wood boards (Ugolev 2014). The assumption
is that the moisture content distribution in wood samples can allow a better insight
into the development of deformation and stress in the wood during the drying
process.
2. The simulation process can be used to analyse the appearance of viscoelastic
and mechanosorptive deformations due to the wood drying process.
For the optimisation of the drying process, the clarification of the material
properties when casehardening (e.g. viscoelastic and mechanosorptive deforma-
tions) occurs is important. If the difference of the moisture distribution in the wood
board is very high, then the probability of non-elastic distortion is also very high.
To verify the two hypotheses, the real and simulated displacements during wood
drying were analysed. On the one hand, the prong test sample was used to analyse
the deformations in the samples and on the other hand the information of the
moisture content distribution in the wood samples was employed to simulate the
deformations during wood drying at constant climate conditions.
Experimental
Wood species and sample preparation
In this study, samples from quarter sawn boards of beech (Fagus sylvatica [L.]) with
dimensions of 400 9 80 9 40 mm3 were used. The initial moisture content of the
samples was above 35%. The end grains of the samples were coated using an
aluminium foil bonded to the wood surface with PUR resin to prevent too fast
drying on these sides.
Drying conditions and moisture measurements
Twelve samples of beech wood were dried simultaneously at constant climate
conditions. To simulate a conventional drying process, a standard climate chamber
(Binder KBF 240, Germany) was used for drying eight samples at 85 C and 15%
relative humidity (RH) as well as four samples at 85 C and 30% RH.
After various hours of drying, one sample of the climate chamber was selected
and removed to determine checking and to measure deformation as well as measure
the moisture content (MC) distribution.
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The samples were cut into halves and before cutting the prongs, a grid with a
mesh width of 5 mm was sprayed on the end grain for a detailed analysis of the
changes. After taking a picture of the labelled end grain, a prong sample was cut
with a thickness of 10.0 mm and again photographed.
The moisture content distribution of the drying samples was determined by
cutting off another slice of the end grain next to the prong slice which was divided
into 25 sections (6 9 15 mm2 or rather 8 9 15 mm2) to get detailed information on
the MC distribution. The MC of each section was determined applying the oven dry
method according to O¨NORM EN 13183-1 (2004).
Software
MATLAB R2014a software packages were used for the analysis of the data and
simulation of the deformation during the different wood drying processes.
Results and discussions
Development of the deformation model
An overview of the sample preparation and the necessary reduction of the
complexity of this study are shown in Fig. 1. The prong sample was broken up by
singular elements and their four bar elements to simplify the description of the
Fig. 1 Illustrated process of sample preparation and modelling
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system. It can also be seen that the sample for the MC determination and the prong
test sample were adjacent. An equal moisture content distribution of both samples
can be assumed.
The described procedure was performed for each sample in this study and divided
into two processes, (1) determination of the moisture contents of the samples and (2)
modelling of the moisture content of the four bar elements of the singular elements
of the prong sample (cf. Fig. 1). This detailed modelling approach is shown in
Fig. 2. The following functions of the theoretical MC of the bar elements are
assumed for every element, which simplifies the complexities of the real sample.
In this connection, a distinction of cases was necessary to be able to calculate the
theoretical MC of the four bar elements of the 17 elements of the prong samples.
If the values of the moisture content of the neighbouring elements exist then
Eq. (1) is used for the calculation of the bar elements. If there is no adjacent wooden


















The values of the theoretical MC of the bar elements were used for the further
simulation process of the changes in dimensions of the bar elements. However, the
shrinkage of wood demands further consideration. Therefore, the following
assumptions were established for the development of the 2-dimensional model.
The fibre saturation point (FSP) was set at 30% MC. The changes in MC above 30%
do not result in shrinkage of the wood. The changes in MC below 30% lead to an
individual shrinkage in length of the bar elements (Fig. 3).
In addition, the shrinkage is influenced by radial and tangential orientations.
Based on the considerations of the real proportion of the radial and tangential
orientation, the shrinkage value was calculated. For the modelling and the
simulation process of the deformation of each prong sample in this study, the
differential shrinkage value (ds) used was 0.0025.
Therefore, the differences in MC of each bar element are a function of the real
MC in the bar element and the average of the moisture content ( M) of the samples,
which is the equilibrium moisture content (EMC) of the samples. If the samples
Fig. 2 One element and its neighbouring elements used for calculations of the theoretical MC of the four
bar elements, where ui,j is the value of the moisture content of one element, ni,j, ei,j, si,j and wi,j are the
calculated values of the moisture contents of the bar elements, respectively
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were covered with aluminium foil for 24 h according to ONR CEN/TS 14464
(2010), the moisture content of the sample has the tendency to equalise possible
differences over the cross section. The calculation is expressed as:
dM ¼ M  M ð2Þ
where dM is the matrix of the difference in moisture content of the singular ele-
ments before and after deformation, M is the matrix of the moisture content mea-
sured before deformation, and M is the average moisture content of the wood
samples in equilibrium state (after deformation). The changes in length of the bar
elements can be expressed as:
L modelð Þ ¼ Lþ dM  L  ds ð3Þ
where L(model) is the matrix of the changed length of the bar element due to shrinking,
L is the matrix of the length of the initial state of the model. The shrinking behaviour is
assumed linear, so that the deformation is interpolated linearly over the whole element.
The solution values of Eq. (3) represent the new lengths of the bar elements of the
modelling samples. Based on these results of every bar element all singular elements
had to be translated and rotated to place them in the right position at the boundaries of
the connected elements in the prong sample.
Evaluation of the model and simulation tool
The MC of the samples was analysed from different wood drying processes at
various times. Figure 4 shows a graphical evaluation of the MC distribution of
selected samples after various drying times.
Fig. 3 Sketch of the deformation of the four bar elements due to drying process
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The asymmetric distribution of the MC can be explained by the ambient
conditions in the climate chamber used and the random positioning of the samples.
The air ventilation between the samples was not uniform. However, this behaviour
is negligible for the objectives in this study because only the numerical simulation
process of the shrinkage deformation was evaluated and not the wood drying
method. The samples with MC distributions (Fig. 4) were used to depict the real
deformations (e.g. casehardening) after 24 h storage time according to ONR CEN/
TS 14464 (2010), which are shown in Fig. 5. It can be observed that deformations
occurred after 1 h of the drying process. This behaviour of the real and simulated
samples demands further consideration. Based on the distribution of the MC
(Fig. 4), the curvature of the slices of the prong samples should point outside.
Therefore, this displacement of the samples is not consistent with the results from
literature (e.g. Perre´ and Passard 2007). On the one hand, the sample has the trend to
equalise possible differences of the MC distribution. The assumption about the thin
layers of this prong sample are that the thin outer layer of the prong samples swells
during the 24 h storage time, whereas the thin inner layer shrinks. This leads to a
deformation in the opposite direction. On the other hand, when the prong samples
were cut, the deformation occurring immediately after the separating cut, pointed
slightly outside.
Moreover, the middle section of the prong test was cut off so that the
deformations of the samples were not restrained.
To validate the approach in this study, the comparison between the real
deformation and the simulated changes in the sample size of the beech sample dried
in a laboratory climate chamber is shown in Fig. 5 and in Table 1. It is recognisable
that the simulation of the deformation effects and the actual changes during the
wood drying process are comparable.
Due to the relatively high drying temperature (85 C), some ductile set could
have happened and some internal stress could have been relieved by cracking.
Fig. 4 Sketch of cross sections of different beech sapwood samples, indexed by the changes in MC
during the drying process (initial MC was approx. 35%)
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Meanwhile cracks might have been formed if the stress exceeded the wood strength;
however, the analysis of the cracks was not the research task in this study and was
not considered for the modelling and simulation process.
The model to simulate the prong deformation on the basis of MC distribution
works fairly well for beech [Fagus sylvatica (L.)] at the two different wood drying
conditions of 85 C and 15% RH and 85 C and 30% RH, respectively. However,
Fig. 5 Comparison between the real shrinkage deformation after 24 h storage according to ONR CEN/
TS 14464 (2010) and the numerical simulation of the prong samples at various drying process times
Table 1 Comparison of the real and simulated deformation of the prongs








there are still some challenges to optimise the modelling and simulation method for
practical applications. When using accurate moisture measurement equipment and
accurate measuring design (e.g. distribution of the measurement points), the
necessary data of the MC distribution is already available during the drying process
to predict probable drying stresses or to alter the process parameter.
Nevertheless, the aim of this study was fulfilled by showing the potential for a
two-dimensional simulation of real deformation due to the wood drying process.
The prediction of the prong deformation (casehardening) can save time as there is
no need to wait for 24 h to get the results for the wood drying quality. The
simulation model developed enables an adaptive process control by online
measuring of the actual moisture content distribution, which was analysed by
Welling (1986), in order to achieve a planned drying quality.
Conclusion
The samples showed various changes in the MC distribution of the cross section
depending on the state of the drying process. Further, the determined drying quality
was affected by the MC.
Modelling and simulation processes for the prediction of 2-dimensional
deformations of wood during drying are well developed. Information about the
MC values and the differential shrinkage value are suitable to predict the
deformation of the prong samples used for the determination of the drying quality.
Therefore, the two proposed hypotheses can be approved. The model can be used to
simulate the deformations independently from different drying times (e.g. 1–48 h)
and both constant drying conditions (85 C and 15% RH as well as 85 C and 30%
RH). A good comparison between the real and the simulated changes in deformation
was found for both drying processes. This modelling and simulation method was
suitable to determine the wood quality for the drying conditions used.
These results provide a useful basis for further investigations on the modelling
and simulation of the deformation of the samples due to different drying processes.
Further focus should be on drying processes under changing climate conditions to
confirm this result. By identifying the MC distribution of the samples online during
the drying process, the realistic deformation of the wood samples can be predicted
within a short time. Therefore, it is not necessary to wait 24 h for the evaluation of
the wood deformation due to the drying process according to EDG–Guidelines
(www.timberdry.net) and ONR CEN/TS 14464 (2010).
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